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 1.  Abstract 
 This thesis analyzes the effects of various bluff bodies on the downstream flow field.  Bluff 
bodies, for example, those typically found in jet engine augmentors, are objects designed to impede the 
flow in order to stabilize a flame.  The effects of di ferent bluff body shapes (cylindrical and 
triangular), size (6.35 mm, 9.53 mm, 12.7 mm, and 19.1 mm) and heat release are examined with 
respect to their influence on downstream vorticity s rength, vortex separation distance, and vorticity 
divergence angle.  Particle Image Velocimetry (PIV) is used to obtain the velocity field data from 
which the vorticity field is calculated.  The mean flow velocity, U∞ is 2.7 m/s, and the flow is 
acoustically excited at 300 Hz with a normalized acoustic velocity of u'/U∞ = 0.8.  The vorticity 
divergence angle increases with increasing bluff body size, is not affected by bluff body shape, and has 
a non-linear correlation with heat release.  Downstream vorticity strength is affected by all three 
parameters (bluff body shape, size and heat release) in a non-linear manner.  Vortex separation distance 
is a function primarily of bluff body size, increasing for larger bodies; however, the separation distance 
decreases with increasing heat release.  Bluff body shape also has an effect on vortex separation 
distance as the cylindrical bluff body creates a larger separation distance between vortices. 
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 3.  Introduction 
 The objective of this thesis is to improve understanding of stability of the combustion process in 
reacting high speed flows.  This work is motivated by the problem of combustion instabilities in such 
devices as jet engine augmentors and duct burners [1]. Typically in these devices the primary 
instabilities arise due to complicated coupled interactions between the flame oscillations, vorticity 
fluctuations, and heat-release fluctuations [2].   
 To stabilize flames in jet engine augmentors, bluff bodies are often used as flame holders.  The 
flow past a bluff body (a body whose cross-sectional area is typically circular or triangular) is defined 
by three distinct features: a separated shear layer (th  interface between two distinct streams), a 
boundary layer (a layer very near a solid wall where the velocity is lower than that of the general flow), 
and a wake (the turbulent region immediately downstream of the bluff body) [3].  Two different types 
of flows are studied: cold flow (i.e., a non-reacting air flow at room temperature) and hot flow (e.g., an 
exothermic mixture of methane and air with an adiabatic flame temperature ranging from 1750 – 2000 
K).  Cold flows and hot flows with a temperature ratio between burned and unburned gasTb/Tu < 2 are 
dominated by two distinct types of instabilities [2,4].  Very near the bluff body the shear layer 
instability is the main effect, characterized by symmetrical vortex shedding (production of vortices at 
the trailing edge of the bluff body that move downstream with the flow) [3].  Further downstream the 
primary instability is the von-Karman instability characterized by antisymmetric vortices (180° out of 
phase) [3].  In hot flows with Tb/Tu > 2, the von-Karman instability is suppressed, ando ly the shear 
layer instability is observed [4,5]. 
 To study such instabilities in a safe and repeatable environment, an acoustic excitation source is 
utilized here.  These acoustic excitations produce velocity fluctuations, which in turn, produce shear 
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layer instabilities and wake mode instabilities.  These three effects produce flame position fluctuations 
that lead to heat release fluctuations [2,6,7].  This interaction process is illustrated in Figure 1.  It is 
thus evident that in order to understand the effects of acoustic excitation one must study the velocity 
field near the bluff body.  
 
 
 4.  Methods 
 4.1.  Experimental Setup 
 The experiments are conducted at atmospheric conditi s in a burner with a square cross-
section (3.75” x 3.75”) 3' in length (see Figure 2).  Natural gas and air are premixed upstream of the 
combustor.  The flow rates are measured with Dwyer rotameters having ranges of 10-100 SCFM, 25-40 
SCFH, and 60-600 SCFH, respectively for air, fuel, and seeding, with accuracies of 2%.  After leaving 
the mixing chamber, the flow travels up into a honeycomb flow straightening section.  Just above this 
section, two 100W Walsch PA acoustic loudspeakers are placed and used to generate acoustic waves.  
Figure 1: Diagram of how acoustic excitation leads to heat r lease fluctuations. 
Acoustic excitations lead to velocity fluctuations which produce instabilities in the 
shear layer and in the wake.  Velocity fluctuations, shear layer instabilities and wake 
mode instabilities lead to flame position fluctuations, which, in turn, produce heat 
release fluctuations. 
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They are driven by an Agilent 33120A 15 MHz function generator connected to a RadioShack MPA-
101 100W amplifier.  The flow then travels upward to the burner exit.   
 
 The velocity field is characterized with particle image velocimetry (PIV) [8].  The light source 
used is a dual head Nd:YAG laser of wavelength 532 nm with a peak power output of 120 mJ/pulse.  
The interval between the beam pulses is set to 30 µs.  The light sheet is generated using two cylindrical 
lenses of 150 mm and 1000 mm focal length.  The lenses are used to reduce the thickness of the 5 mm 
laser beam and expand it to a height of 40 mm.  A 1600x1200 pixel CCD camera, with an F-mount 
Figure 2: Diagram of Experimental Setup.  The flame (not pic ured) sits at the burner exit around 
the bluff body.  It is illuminated by the laser sheet and captured by the PIV camera.  The 
premixed flow and seeding particles enter at the base of the burner. 
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Nikon 55mm micro-lens with an aperture of f/5.6, is u ed for imaging.  The distance between the 
imaging plane and the camera is set at 12 inches.   
 Phase synchronization of the excitation signal with the PIV system is managed by a LaVision 
timing generator.  Images are acquired at an approximate rate of 15 Hz.  This is much lower than the 
excitation frequency, and thus a true time series evolution is not possible.  At each phase, 128 images 
are recorded, and the resulting data is ensemble averaged to provide data (velocity and vorticity) 
repeatable to within 2% of the reported average value. 
 The velocity vectors are processed from the raw seeding images using DaVis 7.0 commercial 
software.  The field of view (37 mm x 28 mm) is split into interrogation regions of 64 x 64 pixels, with 
a 50% overlap.  This combination yields a spatial resolution of 1.5mm.     
 Experiments are performed at an approach velocity U∞ = 2.7 m/s and excitation frequency 
f=300 Hz (unless otherwise noted).  The amplitude of ac ustic excitation, measured at the exit plane of 
the burner with the bluff body removed, is kept consta t at u’/U∞ = 0.8, where u' is the acoustic 
amplitude such that the total velocity is 
( ) ( )ftu'+U=tu sin∞   (1) 
 
 4.2.  Mathematical Methods 
 The PIV system produces velocity data.  This data by itself is very interesting; however, the 
focus of this study is vorticity.  For a general case, vorticity (ω
r
) is defined as  
V=ω





 is the velocity field.  For a two dimensional system (i.e., three dimensional flow features are 
small), the x and y components of ω
r









  (3) 
 
where u and v are the x and y components of velocity, respectively.  Using Eq. (3) the vorticity field is 
calculated for all images. 
 4.3.  Equivalence Ratio Calculation 
 In many combustion applications, the equivalence ratio is the most important parameter when 
determining system performance [9], and it is extensively used in this thesis.  The equivalence ratio is 






  (4) 
 
where F/A is the fuel-to-air ratio as measured in the flow, and F/Astoic is the stoichiometric fuel-to-air 
ratio as calculated from the combustion reaction equation 
( ) 22224 7.5223.76 2 N+OH+CON+O+CH 2→   (5) 
 
where CH4 is the hydrocarbon composition of pure methane.  Natural gas contains methane as the main 
ingredient but also includes ethane, carbon dioxide, oxygen, and other substances in very small 
quantities producing an average molecular weight of 16.384 kg/kmol (average molecular weight of 
methane is 16.043 kg/kmol).     
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 5.  Results and Discussion 
 The utilization of a bluff body is a popular flame stabilization method [10]; however, careful 
consideration must be given to the shape and size of the bluff body due to its effects on the overall 
flame and flow field.  In this study, five bluff bodies of various shape and size are used (Figure 3). 
 
 
 5.1.  Effects of Varying Bluff Body Shape 
 In order to analyze the effects of bluff body shape, the 9.53 mm triangular bluff body and the 
9.53 mm circular bluff body (Figure 3 B and C, respctively) are tested. Two cases are studied: 
unforced case (i.e., no acoustic excitation) and a forced case with 180° phase (with respect to the input 
acoustic signal).  These results are shown in Figure 4 and Figure 5. 
 
Figure 3: Dimensions of the bluff bodies.  Bluff bodies A, B, D and E are equilateral 
extruded triangles.  Bluff body C is an extruded circle (i.e., cylinder).  Bluff body B is 
used to establish a baseline case and all further comparisons are done with reference to 
body B.  All dimensions are in millimeters. 
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 The vorticity results shown in Figure 4 lead to several observations for the unforced case.  First, 
no clear vortices are seen because the vortex shedding frequency is independent of the image capture 
frequency and the images are time averaged.  The record d images capture a random distribution of 
vortex locations.  When these images are averaged together, the resulting plot vaguely resembles an 
exponential decay in downstream vorticity as opposed to individual vortices (as seen in Figure 5).  
Second, the vortex strength at the trailing edge of the bluff body (the left edge of the plot) is much 
stronger in the triangular bluff body case because of the aerodynamic difference between the two bluff 
bodies.  Since the triangular bluff body is less streamlined than the cylindrical bluff body, it produces a 
much greater recirculation region in the wake.  In addition, the flow separation occurs at the trailing 
edge of the triangular bluff body due to the sharp corner which also contributes to the increased 
vorticity.  Third, the vortex separation distance at the trailing edge of the triangular bluff body is greater 
than of the cylindrical bluff body (though, this effect is not seen in the acoustically excited case shown 
in Figure 5). 
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Figure 4: Vorticity plots of the 9.53 mm triangular bluff body (left) and of the 9.53 mm bluff body 
(right) without acoustic excitation.  Axes are in uits of meters and the flow direction is from left to 
right.  The bluff body trailing edge is at x = -0.02 m, and the centerline is along the y = 0 line. 
 
 Similar effects are seen in the acoustically excitd case (Figure 5).  The vortices are much 
stronger at the trailing edge of the triangular bluff body than the cylindrical bluff body.  Also, the 
vorticity field extends further downstream in the triangular bluff body case.  In addition to the above 
mentioned characteristics, the divergence angle is an interesting parameter to consider.  For the 
purposes of this paper, the divergence angle is defined as the angle of the maximum vorticity line 
(maximum vorticity along the x-axis for each vortex, i.e., one for the top vortex and one for the 
bottom) to the x-axis.  For the case of acoustically excited flow (Figure 5), the divergence angle is 
defined as the line connecting the vortex centers.  Comparing the triangular bluff body to the circular 
bluff body, there is no apparent difference between divergence angles.   
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Figure 5: Vorticity plots of the 9.53 mm triangular bluff body (left) and of the 9.53 mm bluff body 
(right) with acoustic excitation at 300 HZ, 180 degrees phase (with respect to the input acoustic signal) 
and u'/U∞ = 0.8.  Axes are in units of meters and the flow direction is from left to right.  The bluff body 
trailing edge is at x = -0.002 m, and the centerline s along the y = 0 line. 
 
 5.2.  Effects of Varying Bluff Body Size 
 To study the effects of different bluff body sizes, four triangular bluff bodies are considered: 
6.35 mm, 9.53 mm, 12.7 mm and 19.1 mm.  Figure 6 show  the vorticity plots for these cases under no 
acoustic excitation.  From this plot, two conclusions arise.  First, the divergence angle (as defined i  the 
previous section) increases with bluff body size.  Second, the separation distance between the vortex 
centers increases with bluff body size.  This result i  rather obvious, since the larger bluff body has a 
greater separation distance between the top and bottom flow (as viewed in the plots).  For larger bluff 
bodies, this separation distance has no significant impact; however, for the 6.35 mm bluff body (Figure 
6 top left and Figure 7 top left), the top and bottom vortices are close enough that they interact and 
partially negate each other.  This effect results in faster downstream vorticity decay.  Also, the 
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downstream vorticity decay is much smaller for the 6.35 mm bluff body (Figure 6 top left), but no 
conclusive difference is seen between the larger bluff odies. 
Figure 6: Top left: 6.35 mm triangular bluff body.  Top right: 9.53 mm triangular bluff body.  Bottom 
left: 12.7 mm triangular bluff body.  Bottom right: 19.1 mm triangular bluff body.  Axes are in units of 
meters and the flow direction is from left to right.  The bluff body trailing edge is at x = -0.002 m and 
the centerline is along the y = 0 line.  The flow is not acoustically excited. 
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 Figure 7 shows the vorticity plots for the same bluff bodies as above but with an acoustically 
excited flow.  Similar to the non-excited case (Figure 6), the divergence angle increases with bluff body 
size, although this is a smaller effect in the excited case.  The vortex separation distance also increases 
with bluff body size.  An interesting phenomenon is seen here that is not observed in the non-excited 
case: as the bluff body size is increased, the vortices become more concentrated and less spread out.  
However, the 19.1 mm bluff body does not follow this rule (Figure 7 bottom right).  The overall 
vorticity field and the individual vortices actually decrease in strength; however, they remain more 
coherent further downstream as compared to the smaller bluff bodies. 
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Figure 7: Top left: 6.35 mm triangular bluff body.  Top right: 9.53 mm triangular bluff body.  Bottom 
left: 12.7 mm triangular bluff body.  Bottom right: 19.1 mm triangular bluff body.  Axes are in u its of 
meters and the flow direction is from left to right.  The bluff body trailing edge is at x = -0.002 m and 
the centerline is along the y = 0 line.  The flow is acoustically excited at 300 HZ, 180 degrees phase 
(with respect to the input acoustic signal) and u'/U∞ = 0.8. 
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 5.3.  Effects of Heat Release 
 Heat release is another important factor that affects the flow dynamics in a major way.  Figure 8 
compares the effects of increased heat release (increased equivalence ratio, φ) for the non-excited flow.  
One observation is made from this comparison: the downstream vorticity reach initially increases with 
added heat release then decreases beyond φ = 0.68.  The divergence angle does not change with heat 
release in a significant way and is concluded to be ind pendent.   
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Figure 8: Top left: non-reacting flow, φ = 0. Top right: φ = 0.65.  Bottom left: φ = 0.68.  Bottom right: 
φ = 0.74.  Axes are in units of meters and the flow direction is from left to right.  The 9.53 mm 
triangular bluff body trailing edge is at x = -0.002 m, and the centerline is along the y = 0 line.  The 
flow is not acoustically excited.  In the latter thee cases no data is recorded below y = -0.006 m. 
 
 The acoustically excited case produces more interesting results.  Figure 9 shows the effects of 
heat release on the acoustically excited flow.  From this figure, four key observations are made.  First, 
the divergence angle increases from the non-reacting flow case (Figure 9 top left) to the reacting flow 
cases; however, the divergence angle does not change in the reacting flow if the equivalence ratio is 
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changed.  Second, excluding the non-reacting flow case, Figure 9 suggests that downstream vorticity 
decays faster with increasing heat release.  However, Figure 10 shows no coherent relationship between 
increasing heat release and downstream vorticity decay.  Third, with increasing equivalence ratio, the
net vorticity spreads out more and results in more c lored area in the plots (this conclusion is only valid 
for this phase).  Fourth, even though the divergence angle increases, the separation distance between 
vortices greatly decreases from the non-reacting flow to the reacting flow case.  While increasing the 




Figure 9:  Top left: non-reacting flow, φ = 0. Top right: φ = 0.63.  Bottom left: φ = 0.68.  Bottom right: 
φ = 0.74.  The green line represents the vorticity divergence angle with respect to the x-axis and the 
associated angle is labeled.  Axes are in units of meters and the flow direction is from left to right.  The 
9.53 mm triangular bluff body trailing edge is at x = -0.002 m, and the centerline is along the y = 0 
line.  The flow is acoustically excited at 300 HZ, 135 degrees phase (with respect to the input acoustic 




Figure 10:  Plot of maximum vorticity along the downstream distance with four equivalence ratios.  
This data is generated from Figure 9.  The flow direction is from left to right.  The 9.53 mm triangular 
bluff body trailing edge is at x = -0.002 m, and the centerline is along the y = 0 line.  The flow is 
acoustically excited at 300 HZ, 135 degrees phase (with respect to the input acoustic signal) and   
u'/U∞ = 0.8. 
 
 6.  Conclusions 
 Three key flow parameters are considered in this paper: vorticity divergence angle, downstream 
vorticity decay and vortex separation distance at the bluff body trailing edge.  The effects of bluff body 
shape and size as well as heat release are examined in relation to the above mentioned parameters.  The
vorticity divergence angle is found to be affected by bluff body size and heat release but not affected by 
bluff body shape.   
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 Downstream vorticity decay is affected by all three factors: 1) the triangular bluff body 
produces much stronger vortices and thus they propagate further downstream; 2) bluff body size and 3) 
heat release have a non-linear effect on vortex decay.  Downstream vortex propagation is at a 
maximum for bluff body sizes above 6.35 mm and increases initially with added heat release, to reach a 
maximum at φ = 0.68 and then decrease.   
 Vortex separation distance is affected primarily by bluff body size.  As bluff body size increases, 
the vortex separation distance increases monotonically.  The vortex separation distance is also larger 
for the cylindrical bluff body when compared to the triangular bluff body; however this effect is only 
seen in the non-excited flow.  Vortex separation distance decreases with increasing heat release. 
 7.  Future Work 
 Several areas need to be researched further.  To compare the trends of the triangular bluff body 
to the cylindrical bluff body a study must be done noting the effects of varying the cylindrical bluff 
body size.  Another area of interest is chemiluminescence.  This technique makes direct heat release 
measurements by relating specific reaction rates (typically of CH* and OH* radicals) to light emission 
at specific wavelengths [11].  Using a photomultiplier tube (PMT) and an optical filter, one is able to 
make direct heat release measurements and correlate them to acoustic oscillations (see  a summary of 
these interaction processes).  
 However, to make this study more applicable, these xperiments must be repeated at more 
realistic conditions.  Typical flow velocities found in afterburners are 150 – 250 m/s while typical 
reactant temperatures are 650° – 1050° C [1].  A new experimental apparatus must be developed to test 
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